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1 | INTRODUCTION

Transverse flux machines are made up of armature coils wound in a circular direction
and surrounded by armature cores. This configuration enables machines to be designed
for multi-pole structures while maintaining a simple coil geometry regardless of the pole
count. As a result, these machines generate more torque and power density than most
of the machines with windings wound around teeth and inserted into slots. However,
transverse flux machines continue to face manufacturing difficulties because a large
number of relatively small permanent magnets are required. Thus, a permanent magnet
transverse flux generator (PMTFG) is designed with half the magnets on the rotor in
comparison with a regular design while generating 18% better power density at the same
size and excitation conditions. After proper parameter selection, the electromagnetic
performance of the design is examined, and the viability of the design is verified using
a three-dimensional finite-element model (FEM). Further analyses were carried out to
examine the effect of stator core material and air gap length on the performance of
PMTFG. Furthermore, a prototype of the proposed topology is built, which validates the
performance obtained through FEM.

of a fall-back path for the rotor. The fall-back rotor path acts
as a flux return path in the absence of active magnets, which

Permanent magnet transverse flux machines (PMTFM) have
unique advantages in terms of high torque and power density.
Since there is no gearbox between the electric machine and the
prime mover or load in direct-drive systems, PMTTFMs are par-
ticularly well suited for usage in these types of power systems.
The use of TFMs in variable speed wind turbines and in-wheel
traction appears to have much potential [1].

In a variety of areas, numerous PMTFMs with interesting
novelties have been developed and studied [2]. It has been sug-
gested to use flux-concentrated PMTTM to attain high torque
or power densities [3]. For the purpose of minimizing flux leak-
age and weight of the machine, a unique double-coil PMTFM
has been presented [4]. An innovative solution to the losses
caused by inactive magnets is described in [5], which makes use

increases the weight and iron losses of the machine. A novel
PMTEM [0] uses the circumferential flux path in the additional
rotor core to produce 3D flux paths. This permits laminations
to construct the stator claw poles, eliminating SMC’s disadvan-
tages, but adding a rotor makes the mechanical system more
complex and expensive. A new architecture of TFPMM with
novel SMC cores is presented in [7]; it employs low-cost ferrite
magnets and high-fill-factor ring winding, By putting a lot of
low-cost ferrite magnets between the stator poles, this design is
complicated and bulky.

Since the stator in a PMTFM is made up of magnetic
cores, the space for the armature windings can be increased
without compromising the available space for the main mag-
netic flux. For the PMTFM, numerous magnetic cores have
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been studied. The U-shaped structure has surface-mounted
PMs. The axial rotation of the U-cores forms the transverse
flux plane of the magnetic flux. Some modification in the
traditional U-cores are presented in [4]. Due to structure
similarities, both U- and C-cores are sometimes referred to
by the same name in the literature. U-cores guide magnetic
flux in the axial plane of PMTFM with surface-mounted PMs,
whereas C-cores guide flux over a skewed line in PMTFM
with flux-concentrating PMs. C-core PMTFMs have fewer
losses and higher torque but are harder to make [8]. The
claw-pole PMTFM has higher torque densities and is lighter
than radial and mutual flux path machines of the same volume.
If magnet mass is restricted instead of outer volume, claw-pole
PMTFM torque capability is reduced [9]. The SMC-dependent
manufacturing process is troublesome, although assembly is
easier than previous PMTFMs [10]. A double-sided machine
with two passive rotors is made possible by the H-core in the
stator [11]. The E-core increases torque density and magnet
utilization by shortening the flux path with cross-leg pole
windings. E-cores with ring windings create a double-sided
stator [12].

PMTFM cogging torque is a major issue that is affecting
its performance. PMTFMs often have larger cogging torque as
compared to other PM machines. This is because the rotor has
double the poles of the stator [13]. For the specific design of a
PMTFG, the procedures mentioned in the literature for skew-
ing the stator poles or PMs on the rotor for one-pole pitch are
inapplicable [14]. Significant research on improving PMTFM
concerning cogging torque is available in [15, 16]. A paramet-
ric analysis using a single-phase PMTTM to find the best air gap
size and reduce cogging torque is presented in [17]. A potential
strategy for lessening PMTFM’s cogging torque is investigated
in [18]. The cogging torque reduction is accomplished through
the utilization of three different stator step-skewed configu-
rations, namely a three-step-skewed stator, a two-step-skewed
stator, and a one-step-skewed stator.

Magnet utilization is one of the shortcomings of PMTFM
over other types of PM machines. In PMTFM, only half of
the magnets are facing the stator magnetic poles at any given
moment, establishing a flux linkage. The primary flux is partially
cancelled by nearby magnets with opposite polarity (inactive
magnets) [19]. However, [20] offers an approach in which
all of the magnets are used in conjunction with additional
alternating stator cores. This has an impact on the power-to-
weight ratio, raises the machine’s cost, and complicates the
production process.

Given the manufacturing problems in PMTEM, [21] devel-
oped a PMTFG with fewer PMs on the rotor as provided in [22]
and depicted in Figure 1. The study in [21] is further extended
here, and the number of rotor PMs and stator cores are fur-
ther reduced to 16 and 8, respectively, lowering the machine’s
overall cost. To validate the proposed 8/16 PMTFG, a proto-
type is built here. The key addition to this article is the use of
a double armature coil in the stator, utilizing the free space in
stator C-cores having pole shoes. The rotor consists of PMs,
which are enclosed in an aluminum housing, which simplifies
production.

Rotor
housing
™

FIGURE 1 Design of state-of-the-art PMTFG

Stator
housing Stator

core PM
: Rotor
A housing

FIGURE 2  Schematic of the presented PMTFG

2 | DESIGN AND PARAMETER
SELECTION

2.1 | Design of a proposed model

A proposed design of single-phase PMTFG consisting of a
semi-closed stator and a surface-mounted PM rotor is shown in
Figure 2, and Table 1 has a list of the parameters. The proposed
design uses an aluminium casing for the rotor in which PMs are
housed on a surface perpendicular to the stator C-cores. In a
single-sided PMTFG, the number of stator pole pairs is always
equal to half the number of rotor PM pole pairs. The stator,
in this case, is made out of C-cores, which are semi-closed in
shape and pole-shoe to improve flux catching capability. The
aluminium casing serves as the support and houses the rotor
PMs and stator cores. Ring winding is used in a stator, wound
circumferentially around the slots of the stator cores, thereby
generating a single coil with several turns. To utilize the feasible
space in the core and make the machine fault-tolerant, double
coils are used.

2.2 | Parameter selection

The PMTFEM is noted for its high torque and power density in
literature. Its proper selection of parameters like stator cores,
rotor pole number, air gap length, and armature winding can
boost the power rating. The selection of configuration and
design parameters of the machine are calculated as follows.
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TABLE 1  Specifications for designed models
Parameters Value

Pole pairs, P 6/8/10/12
No. of PMs, M 12/16/20/24
Frequency, / 150 Hz,/250 Hz/200 Hz/300 Hz
Rated speed, 7, 1500 rpm
Turns per Coil, NV 90

Outer radius, R 155 mm

Shaft radius, R; 97 mm

Air gap, g 1 mm

Length of magnet, /,, 10 m

Width of PM, ,, 10 7m
Height of PM, 4, 5 mm

Width of C-core, w, 14 mm

Total length of C-core, /, 30 mm

Width of pole, /, 10 mm
Height of pole, / 3.5 mm
Length of C-core, b, + 14.5 mm
Yoke height, /{)‘ 8 mm

Arc of pole-shoe, £ 16 mm

PM material Neomax (N35)

Stator core material Steel

22.1 | Cote pole study

The PMTFM’s primary and most prominent advantage is its
capability to produce high power and torque density. Flux den-
sity By in the air gap of the TFPM machine can be stated as [23]:

By=—"—. )
1+~

Here, B, shows the remanence induction of the PM, 4, is the
magnet’s thickness, and gis the length of the air gap. This means
that the magnetic loading can be increased simply by increasing
the number of pole pairs rather than modifying the armature
ampere-turns or machine diameter. The PMTFM makes use of
this effect to generate high specific torque density. However, this
can increase the machine’s weight, cost, and total core losses.
Furthermore, the high pole number reduces the machine’s effi-
ciency by increasing core losses. As a result, selecting the ideal
pole number for the machine’s best performance in a certain
application is required. Besides this, increasing ampere-turns
in stator winding by using the viable space of a semi-closed
stator core can improve the machine’s performance as both
electric and magnetic loading are decoupled. As given in the
equation [23]:

Q
E = k;Ngo—, @)

where £ is the EMFE, £ represents the waveform factor, NV
shows the coil turns, ¢ represents the flux across the winding,
Q is the mover’s mechanical speed, and 7 is the pole pitch.

222 | Air gap length

The length of air gap is identified as a critical factor in the
design process of electrical machines. The narrower air gap is
enhanced by providing a low reluctance path that increases per-
formance. However, in terms of manufacturing tolerance and
high-precision machining, it comes at a cost. A large air gap
is not as detrimental on a surface-mounted rotor because the
PMs act as an extra air gap for the flux coming from the sta-
tor, needing it to pass through both the mechanical and radial
air gaps. A narrow air gap becomes more important when the
flux concentration is high. The air gap’s length affects several
PMTFEM features. Compated to the PM radial flux machine
(PMRFM), the PMTFM is more reliant on the air gap. However,
the mechanical design of such machines, as well as the con-
version needs, should be considered. Considering the aforesaid
points, the air gap effect on the performance of the generator
is carried out for the proposed design, and an efficient air gap
length, that is, of 1 mm is selected for the final design.

223 |

Number of armature coils

In PMTFEM, two types of armature winding configuration are
utilized, that is, ring winding and pole winding. In ring wind-
ing, a simple ring is placed in the stator C-core of PMTFM
while pole winding is wound across each leg of E or C-core.
The manufacturing is easier with a ring winding structure since
it allows for a higher filling factor and less copper weight, so
ring winding is selected for the proposed design. To increase
the flux linkage and back-EMFE, PMTFG with a double arma-

ture coil and pole shoe is proposed for the selected rotor pole
and stator core numbet.

3 | PERFORMANCE ANALYSIS

The optimal combination of stator C-cores and rotor poles for
efficient performance in a PMTFG with 6,/12,8/16, 10/20, and
12/24 poles are examined. The preliminary results of the analy-
sis are used to determine the optimal core-pole configuration
for maximising back EMF and power performance. No-load
and load analysis are the two main parts of the investigation.
In an open-circuit study, the effects of rotor PM on the flux
linkage, flux distribution, back EMF, and cogging torque are
investigated. In load analysis, variables such as resistive load cur-
rent, losses, power, efficiency, and power density are studied.
The flowchart for performance analysis is depicted in Figure 3.

The single- and double-coil configurations for all designed
core pole studies are shown in Figures 4 and 5, respectively. This
includes the 12/24, 10,20, 8/16, and 6/12 models. The detailed
dimensions are given in Figure 6. The C-core stator holds the
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Load analysis

Losses and efficiency

Desired power
density
achieved

Single phase
flux linkage

FIGURE 3  Performance analysis flow chart
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Stator core

(@) (b)

FIGURE 4 PMTFG with single-coil having (a) 10,/20 cores/PMs and (b)
8/16 cores/PMs

Housing

Magnet
Stator core

(@) (b)

FIGURE 5 PMTFG with double-coil having (a) 10/20 cores/PMs and
(b) 8/16 cores/PMs

two ring-shaped coils. Because the polarity of the PMs changes
as the machine’s rotor rotates, the magnetic field’s path changes.
In both coils, an alternating voltage is induced.

3.1 | FEM simulation analysis

This part presents 3D-FEM findings for single and double
coil 8/16, 10/20, and 12/24 models. Geometry for 3D-FEM

FIGURE 6 Detailed dimensions of presented PMTFG

—= 8/16 — 10/20 —-- 12/24 —=  8/16 — 10/20 —-- 12/24

.

Time (ms)

(a) (b)

Time (ms)

FIGURE 7  Open circuit flux linkage of the presented PMTFG @ 1500
rpm: (a) single-coil and (b) double-coil

analysis is created in multi-physics software, and the resulting
model is analyzed in JMAG-Designer v20.1. Both load and
no-load characteristics are taken into account while calculating
performance metrics.

3.1.1 | Open circuit performance of PMTFG

All designed PMTFG models undergo open circuit analysis,
including flux linkage and distribution, induced EMF, and cog-
ging torque. Figure 7a shows the flux linkage of PMTFG designs
with the single-coil arrangement, and Figure 7b illustrates the
flux linkage with a double coil configuration at 1500 rpm.
Despite the fact that the flux linkage in 10,/20 PMTTG falls with
a single armature coil, increasing the number of stator winding
coils significantly improved the flux linkage. The induced EMF
can be found by using Equation (3):

¢

InducedE.M.F = —N o

€)
where N represents the total number of turns in a coil and d/dt
represents the flux linkage rate of change. Figure 8a depicts the
waveform of the induced voltage for single-coil PMTFG mod-
els, whereas Figure 8b displays the induced voltage waveform
of PMTFG models with double coil design at rated speed (1500
rpm) by using 3D-FEA. The induced voltage is found to have
a nearly sinusoidal waveform with small harmonics. In the case
of double-coil PMTFG, the research indicates that doubling the
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FIGURE 9 Cogging torque of the presented PMTFG: (a) single-coil and

(b) double-coil

stator winding coils increases the induced voltage by a factor
of two. Cogging torque of the PMTFG is a matter of con-
cern that affects the generator’s performance. As the number
of rotor poles is double that of stator poles, the circumferential
distance between magnets increases, and PMTFG has a higher
cogging torque than other types. As a result, 10/20 PMTFG
has the highest cogging torque among all the designed models.
For single and double-coil designs, cogging torque is plotted in
Figure 9.

3.1.2 | Generator performance of PMTFG

The performance of three simulated models is evaluated under
various load conditions. Iron losses, input power, output power,
efficiency, and power density are simulated and analyzed. The
iron and copper losses of all the simulated designs are provided
in Figure 10. The iron losses shown in Figure 10a stays the same
in single and double-coil configuration while the copper losses
shown in Figure 10b get doubled in the double-coil configura-
tion. For all types, Figure 11 shows the generator’s efficiency
at varied loads. The graph illustrates that the double coil 8/16
PMTFG is more efficient than other variants. As the number
of stator cores decreases, iron losses decrease, and back EMF
improves with a double stator winding coil. However, when
another coil is added to the 12/24 PMTFG, the back EMF
increases but not the efficiency because copper losses increases
while core losses remain the same. The output power (£) is cal-
culated using the requisite rating voltage (1/},), number of phases

Iron Losses (W)

FIGURE 10
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FIGURE 11 Relation of output current and efficiency of the presented

PMTFG: (a) single-coil and (b) double-coil
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(m), phase current (Z,), efficiency (1)), and power factor:

P, = ml19as(®). @

Figure 12 displays the output power for all designed mod-
els of PMTFG with both topologies at various load currents,
demonstrating that as the load current increases, the output
power also increases. The 12/24 PMTFG provides the high-
est output power of all other PMTTG types using the double
stator coil. Figure 13a shows the efficiency compated to output
power for single armature coil models, and Figure 13b shows
the efficiency compared to output power for double armature
coil models. The 10/20 PMTFG is more efficient in all single
armature coil models, whereas the 8/16 has high efficiency in
double armature coil models since the double use of the stator
coil improves induced voltage.
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FIGURE 13  Relation of £, and efficiency of the presented PMTFG: (a)
single-coil and (b) double-coil

4 | EFFICIENT DESIGN SELECTION

One design is selected among all simulated models for further
analysis and fabrication based on performance supetiority over
conventional one to achieve the desired objectives. Out of all

the simulated models, the double coil 8/16 PMTFG is chosen
because:

* Double coil configuration improves the electromagnetic flux
of the generator that in turn increases back EME

* Double coil configuration makes the generator fault tolerant.

* Reduced stator C-cores minimize iron losses, weight, and cost
of the generator.

* Reduced PM rotors decrease both weight and overall cost.

* It gives better efficiency and power density as compared to
the other model.

5 | FURTHER ANALYSIS OF EFFICIENT
DESIGN

Further analyses are carried out on efficient design to see the
effect of air gap length and stator core materials.

5.1 | Effect of air gap length

The air gap length is an important consideration in the design
of electrical machines. A short pole pitch is usually required
to generate the highest possible no-load voltage. High leakage
flux and lowering the main flux are disadvantages of having
a short pole pitch. More voltage can be induced with the
decrease in air gap length because of the decreased primary
flux channel’s reluctance and leakage while increasing the flux
linkage [24].

Furthermore, the PMTEFM is more reliant on the air gap as
compared to PMRFM. For low power ratings in terms of bulk
and cost, the air gap threshold should be smaller than 1 mm.
Simulations of 8/16 PMTFG with double coil configuration are
performed to test the effect of air gap diameter in PMTFG.
Figure 14 shows PMTFG’s influence of air gap diameter on
back EME.

(o]
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o
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S
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—e— 8/16 PMTFG
20 A
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0 T T T T
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FIGURE 14 Induced voltage at different air gap lengths
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FIGURE 15 Induced voltage at different speeds of proposed design with
both steel and SMC core

5.2 | Effect of stator core material

The continuous efforts to minimize energy consumption and
increase the efficiency of electrical equipment play a major role
in electrical machines with high efficiency. A thorough under-
standing of the magnetic material’s properties is necessary for
the design process. Different materials, such as silicon—iron
(SiFe), nickel-iron (NiFe), and cobalt—iron (CoFe) lamination
steels, as well as soft magnetic composites (SMC) and amor-
phous magnetic materials, are used for the core of machines
[23].

Iron alloyed with a trace of silicon is the most commonly
used material in electrical machines. The iron is chosen based
on the cote’s permeability and the value of magnetic flux den-
sity at which saturation occurs in the iron. Furthermore, the
magnetic losses in the rotor and stator cores are affected by
material characteristics, lamination thickness, and the bond-
ing of iron powder particles. A novel form of soft magnetic
material is SMC, which has several advantages over traditional
silicon steels, including magnetic and thermal isotropy and low
eddy current losses; however, it has low permeability and poor
mechanical performance [23]. Figure 15 shows the induced volt-
age at different speeds of efficient design with both steel and
SMC core. Figures 16 and 17 show the efficiency versus output
power and iron losses at different load values. The model with
an SMC core has low iron losses compared to steel, which makes
the design more efficient. According to the investigation, both
machines yield similar results with minor changes. As a result,
both alternatives are still being studied for PMTFM design.
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100 TABLE 2  Performance comparison of design models
7
-
e 80 // Conventional 10,/20 Double 8,/16 Double
< / Parameter TFG Coil PMTFG Coil PMTFG
é‘ 60 ——— With Steel Core
.g 20 / ———With SMC Core Number of C-cores 12 10 8
= /
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FIGURE 17 Ironlosses at different loads of proposed design with both

steel and SMC core

6 | PERFORMANCE COMPARISON

In comparison to the conventional PMTFG, the simulated
PMTFG models include a few interesting features and short-
comings. All models are compared to each other and conven-
tional model based on performance characteristics such as flux
linkage, induced EMF, current, powet, and efficiency. All the
designed specifications are kept the same as standard PMTFG
in order to make a valid comparison.

As previously stated, three designs with a single and dou-
ble stator coil are simulated. The number of stator C-cores
are reduced to 8 in 8/16 PMTFG, decreasing the stator mass,
lowering iron losses, and thereby improving efficiency. In the
subsections provided in Section 3, all performance parame-
ters are compared. Considering flux linkage, back-EMF, and
output power, the double coil 12/24 design yields superior
petformance. Furthermore, the efficiency and total power
density of the 8/16 PMTFG with a double stator coil is
higher.

Table 2 also shows that the 8/16 PMTFG has a total power
density (TPD) that is 18% higher than the standard PMTTG
and 4.5% higher in the case of the 10/20 PMTFG. More sta-
tor cores and rotor PMs mean more iron losses and weight
for a 10/20 PMTFG compated to an 8/16 PMTFG with a
double coil configuration. From Table 2, it is concluded that
the double coil 8/16 PMTFG is an attractive option for fab-
rication because of its high performance, low cost, and simple
design.

(b)

©

FIGURE 18 Hardware parts of the presented PMTFG: (a) whole stator
in aluminium casing, (b) rotor, and (c) complete prototype

7 | PROTOTYPE TESTING

The single-phase, single-sided, double-coil 8/16 PMTFG is
constructed and tested because it is the most efficient model
of all the proposed designs. First, slots are cut into the sta-
tor housing made of aluminium to accommodate stator core
segments. The proposed design uses a pole-shoe and a semi-
closed C-core in the stator, which is different from the norm
for PMTFG. As a result, unlike a standard PMTFG, installing
the stator coil into the pole shoe can be a bit of a hassle. The
cores are then inserted into the stator housing after the coils
have been installed, as shown in Figure 18. Similarly, the neomax
PMs in the PMTTG rotor design are housed in an aluminium
housing. Figure 19 depicts the prototype’s testing setup. The test
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FIGURE 20 Comparison of FEM and experimental results of 8,/16
PMTFG: (a) induced-EMF; (b) power versus efficiency

bench contain the prototype; a servo motor of 1.5 KW, 5 Nm
and 6A; a torque sensor and variable load of 53 ohm with 5%
tolerance. In Figure 20, FEA is used to generate the induced-
EMF and output power versus efficiency of the 8/16 PMTFG,
which is then compared to the measured data. The results of the
simulation and the experiments appear to adapt to one another
with the right amount of flexibility. The slight difference can be
attributed primarily to the speed variation of the prime mover,
which consists of a servo motor and its drive. Another contrib-
utor to the discrepancy between simulation and experiment is
manufacturing tolerance. The 8/16 PMTFG had a power factor
of 0.87 because only a variable resistive load was used to test the
machine’s efficiency.

8 | CONCLUSION

This paper presents the design and performance analysis of a
new PMTFG having 8 stator C-cores and 16 rotor PMs. The
proposed design’s significant contribution is using a double
coil in armature winding, a pole-shoe, and a simple design to
minimize iron losses while providing high efficiency at a low
cost. According to the core pole research, the double coil 8/16
PMTFG features the best flux linkage, improved back EME,
decreased weight, high power density, and efficiency. Load and
no-load analyses are carried out to validate the effectiveness of

the proposed model. Additionally, 3D FEA was used to assess
the flux linkage profile, no-load torque, induced voltage, load
current concerning load voltage and efficiency, and load cur-
rent versus power, which produced noticeably improved results.
Further analyses were carried out to examine the performance
of the proposed PMTFG, like the effect of stator core materi-
als and air gap length. The suggested design has many benefits,
such as a high power density, modular construction, easier
winding, and the ability to handle faults.
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